Introduction
Viruses pose a global threat and add serious medical and social problems to the mankind. They are the main contributors in many minor and major outbreaks, epidemics and pandemics worldwide (Table 1) , like Swine Influenza, Avian Influenza, Dengue fever. Even though various types of treatment methods are available to cure viral diseases, like chemotherapy [1, 2, 3, 4] but owing to their potential for mutation and emergence of new strains and developing resistance towards drugs [5, 6] viruses are evolving fast [7] . This necessitates the search for new antiviral compounds that are more potent and effective against viruses with no or less adverse side effects [8, 9, 10] .
Various natural compounds including herbal products and plant extracts have been investigated for their antiviral activities against several viruses [11, 12, 13, 14] . One natural compound that has been studied is coumarin, and the factors which makes it a good candidate for an anti-viral drug, are its role in targeting various cellular pathways, inhibiting the growth and replication of viruses. Antiviral activity of coumarin and its derivatives has been observed against a wide range of viruses such as influenza viruses, HIV, Enterovirus 71 (EV71), coxsackievirus A16 (CVA16), dengue virus and chikungunya virus [15, 16, 17, 18] . This review will elucidate the antiviral aspects of coumarins and possible targets and mechanisms underlying its inhibitory effects and will also illustrate its potential relevance in viral diseases and antiviral therapies (See Figures 1 and 2 ).
Coumarin
Coumarin is a therapeutic agent, found as a naturally occurring secondary metabolite in plants, bacteria, fungi, essential oils and can also be chemically synthesized [19] . Coumarins have been isolated from different families of plant kingdom like Clusiaceae, Umbelliferae and Rutaceae [20] . It was isolated from Tonka beans in 1820 independently by A. Vogel of Munich, Germany and by Nicholas Guibourt of France [21] . William Henry Perkin, an English chemist first synthesized coumarin in 1868 [22] . Coumarin is basically made up of a benzene moiety fused with an alpha-pyrene ring named as benzopyrene [19] . Coumarin derivatives are synthesized using various synthetic pathways such as Perkin condensation, Knoevenagel condensation, Pechmann reaction and metal-catalyzed Cyclization [23] . They are stable, soluble, low molecular weight compounds without any adverse side effects and toxicity. These and several other properties of coumarins make them a potential drug candidate against many viral and bacterial diseases. Many of natural, synthetic, conjugated, hybrid potential candidate lead compounds possessing coumarin scaffold have been studied and are in different stages of drug development [18] . Their biological activity can be changed depending upon the combination of various substituents and conjugates. On top of this, Coumarin motifs can be foresighted as a privileged scaffold and model framework for the design and synthesis of several pharmacological compounds having significant binding affinity with the different biological targets. They can be easily modified to satisfy "the rule of 5 "of Lipinski to make them a drug-like molecule by applying a privileged structure approach of drug discovery using combinatorial chemistry [24] . Coumarin as an antiviral agent, widely studied in anti-HIV therapy [13, 25, 26, 27, 28] , attracts attention from scientists to study its significance in the prevention of other viral diseases.
Coumarin as anti-viral agent

Anti-hepatitis virus
The available therapeutic treatment for infection caused by the hepatitis C virus have many adverse effects (Headache, fatigue, nausea, diarrhea, depression, hemolytic anemia) [29, 30, 31] and the cost of twelve-week treatment amounts to approximately $84,000 [32] . Researchers are focusing on synthesizing new compounds using coumarin and its derivatives to overcome the shortcomings associated with anti-HCV drugs [33] .
Hepatocarcinoma (HCC) is associated with chronic hepatitis C virus (HCV) infection which involves increase in plasma alanine transferase (ALT) levels [34, 35] . In 2001 Okamoto and co-workers found coumarin, a probable model chemical to bring shift in the hypercarcinogenic state of the liver to a hypocarcinogenic state which was detected by lower levels of plasma ALT by using mouse liver injury models [36] . Benzimidazole-coumarin conjugates were synthesized by connecting benzimidazole and coumarin derivatives with methylenethio linker. Their role as anti-hepatitis C virus agents was evaluated by studying its effect on HCV replication and proliferation in Huh 5-2 cells. Two of these conjugates, 2-[(6_-bromocoumarin-3_-yl) methylenethio]-5fluorobenzimidazole and its derivative 1-[(2__,3__,4__,6__-tetra-O-acetyl) glucopyranos-1__-yl]-2-[(6_-bromocoumarin-3_-yl) methylenethio] benzimidazole inhibited HCV RNA replication up to 90% exhibiting a potential anti-HCV activity [37] . In another case new conjugates were synthesized by attaching coumarin with naphthalene moiety and by adding benzimidazole with 5,6-benzocoumarin, these compounds displayed a remarkable anti-viral activity, mechanism of action of which still needs further studies [38] . Likewise, various heterobicycle-coumarin conjugates were synthesized using -SCH2-linker and their structure-activity relationship was studied for measuring their anti-hepatitis potential [39] . In similar manner, conjugates of coumarin attached with purine ribofuranosides found to inhibit the replication of HCV subgenomic replicon in the Huh 5-2 cells [40] . These studies displayed the essentiality of the scaffold in the form of heterobicycles and other aromatic rings on coumarin in their inhibitory activity against HCV [39] .
Recently, imidazole-coumarin conjugates appeared as novel anti-HCV compounds showing increased potency and selectivity. The anti-viral activity was enhanced when substituents like F, Cl, Br, Me, and OMe was attached to the coumarin molecule. The mechanism behind this enhanced anti-HCV activity needs further studies (20) .
Resembling many of the currently used anti-viral drugs which act on polymerase components of virus to inhibit its replication, NS5B, a hepatitis C virus polymerase is a novel target for newly synthesized coumarin derivative 6,8-diallyl-5,7-dihydroxycoumarin. This compound was found to act as anti-viral by binding in thumb pocket-1 (TP-1) of NS5B and inhibit the viral polymerase activity [41] . The first study, in which coumarins act against HCV replication by enhancing IFN-mediated antiviral responses, was reported in 2013. In this report, a synthesized derivative of anilinocoumarins having OMe as a strong electron-donating substituent, showed enhanced anti-HCV activity by targeting host factors of the IFN pathway [42] . Coumarin's anti-viral activity doesn't restrict to HCV, many studies have shown its activity against Hepatitis B virus (HBV) also. Natural pyranocoumarins nordentatin and clausarin were isolated from the medicinal plant Clausena excavate [43] . These compounds were found to inhibit hepatitis B virus surface antigen (HBsAg) in HepA2 cells. Their analogues were synthesized using hydrogenation, methylation and epoxidation reactions by Chung-Ren Su et.al in 2008 and their potency as anti-HBV was studied. They have observed that analogues of pyranocoumarin consisting of dimethylallyl or dimethylpropyl side chain along with functional groups attached to pyran ring, were showing the highest anti-HBV activity becoming a potential future candidate to be anti-HBV drug [44] .
From the aforementioned studies, we can deduce that in hepatitis virus infection, coumarin has shown to target a wide range of proteins, like binding antigens present at the surface of the cell, proteins that are related to polymerase responsible for viral replication & factors involved in interferon signaling pathways.
Anti-HIV
Currently, anti-HIV approaches are to target several steps in virus life cycle including virus-host cell attachment, cell membrane fusion, integration, assembly besides the conventional target like inhibition of the reverse transcriptase, protease, integrase [45] . Chemical compound coumarins have been shown from many research studies to have anti-HIV effects. Coumarin derivatives, 4-Hydroxycoumarins (warfarin, 4-HC tetramer), Pyranocoumarins (Khellactone, Calanolide), Furanocoumarin, 3-phenylcoumarins, 4-Phenylcoumarins, Hybrid coumarin analogue, Toddacoumaquinone have shown pharmacological effect against HIV infection. They inhibit HIV protease, integrase, reverse transcriptase, viral DNA replication, vpr, sp1-related genes (cell cycle arrest), Tat, Rev, glycosylation [18] .
Anti-viral action and mechanism of 6-acetyl-coumarin analogues have been studied on human C8166 cells. It has been found that electronegative substituent at the phenyl ring connected with coumarin central motif plays a very important role in the anti-HIV activity of coumarin [46] . Further, QSAR and Docking approaches indicated that Coumarin negatively regulates 3' processing and integrase enzyme of HIV. Two coumarin motif attached by an aryl linker were found to be very crucial for the anti-HIV-integrase activity. In this coumarin derivative, lipophilicity of aromatic ring of the linker was responsible for the inhibitory activity [47] . Another research group studied the therapeutic potential of synthesized coumarin carbohydrazide derivatives. Cytotoxicity of coumarin hydrazide derivatives was found to be significantly improved in human cells when salicyl moiety was replaced with a coumaryl moiety. Anti-HIV-1 Integrase activity has been shown by hydrogen/chlorine on salicyl moiety and halogen/alkoxy added on coumarin. Molecular docking reveals fitting of the aromatic ring in the hydrophobic pocket and acyl hydrazide at the metal centers [48] . Further, Alimi Livani et al., designed synthetic new coumarin derivative that mimic the integrase strand transfer inhibitors by adding 1,3,4-oxidiazole ring as a chelating motif on its halobenzyl moiety. Coumarin derivatives having 4-chlorobenzyl ring showed very significant anti-HIV activity exhibiting inhibition rate almost near to AZT (Azidothymidine), an anti-HIV drug. Many physicochemical properties were found to match with that of FDA approved Integrase strand transfer inhibitors (INSTIs) except aqueous solubility that was low, this needs further structural modifications [49] . The study of Chiang et al., suggested that spatial distance between coumarin unit and linker moiety was crucial for anti-HIV integrase activity [50] .
Coumarin can act as an inhibitor for HIV proteases [51] . Temitope et al., synthesized a series of novel N-benzylated coumarin-AZT conjugates that have inhibitory activity against both HIV-protease and Reverse transcriptase [52] . Membrane fusion by binding of viral envelop protein and CD4 of T cells/Macrophages is the crucial step in HIV infection [53] . Tricyclic coumarin GUT70, a natural compound isolated from Callophyllum brasiliense demonstrated strong inhibitory activity on HIV-1 replication by the suppression of NF-kB activation in both acutely and chronically virus-infected cells [28] . GUT70 has the ability to reduce the membrane fluidity that affects viral entry. Matsuda et al., found that GUT-70 reduced membrane fluidity, inhibited membrane fusion and thus inhibited HIV infection [53] . Further, expression of the HIV-1 receptor (CD4) and co-receptors (CXCR4 and CCR5) was downregulated which may also contribute to blocking the HIV entry [53, 55] . 4-phenylcoumarin derivatives called neoflavanoids were synthesized and their anti-HIV effects were assessed on MT-2 infected cells in vitro [46] . It suggested that the acyl group was essential for the inhibition of both the Tat and NF-kB pathway [56] . The HIV-replication inhibitory activity of a 4-phenyl coumarins mesouol (extracted from Marila pluricostata) has been studied in Jurkat T cells. Mesuol attenuated TNF-α induced HIV-1-LTR (Long terminal repeat) activity via phosphorylation of p65 (NF-kB). Mesuol suppressed NF-kB p65 subunit phosphorylation and its transcriptional activity in TNF-α induced T cells but displayed neutral response on integration and reverse transcription [57] .
One of the major problems associated with antiretroviral therapy is that it cannot be fully effective until the problem of latent viral reservoir is resolved. To solve this problem Coumarin derivatives, hymecromone and scoparone which have the ability to reactivate HIV latent reservoir can be used in HIV-1 reservoir elimination approaches [58] .
Anti-influenza virus
Anti-viral therapy which are currently used for the treatment of influenza viruses, have the limitations on vaccine design, efficacy and delay in vaccine production because of the evolution of drug-resistant viral mutants attributed to the mutation or reassortment potential of this virus [59, 60] . Studies are taking place to isolate new antiviral agents from natural compounds.
Eleutheroside B1, a coumarin compound has been earlier demonstrated to inhibit expression of many chemokine genes and gene for Nucleoprotein, an influenza structural protein that is a constituent of vRNPs viral ribonucleoprotein complex important for viral replication [61] . RNA sequencing technology has confirmed that the eleutheroside B1 acts on chemokine signaling pathways and cytokine-cytokine receptor interactions. Recently, the mechanism of action against influenza viral infection of eleutheroside B1 has been assessed showing that the target for this compound is POLR2A gene which is responsible for the expression of viral polymerase [62] . Thiazolyl-coumarin hybrids synthesized by Osman et al., were found to show promising antiviral against the H3N2 and H1N1 strains of influenza in MDCK cell-based assays. Molecular docking studies has shown this anti-influenza activity is probably because of inhibition of viral envelope protein neuraminidase [63] . Similarly, derivatives of coumarin, bis(triazolothiadiazinyl coumarin) was synthesized and evaluated for their anti-influenza activity. Site of target of this synthesized coumarin was neuraminidase protein, this was observed by measuring binding affinity between the coumarin derivative and target protein of influenza virus using molecular docking [64] . Another research study has shown the neuraminidase inhibitory action of coumarins isolated from methanol extracts from the roots of a plant, Glycyrrhiza uralensis. Glycyrol, a ring-closed coumarin was shown to have the strongest inhibitory activity, the presence of the five-membered furan rings was essential for the potency of polyphenols against neuraminidase [65] . Other probable targets of a compound containing both coumarin and monoterpenoid derivative in influenza was viral hemagglutinin HA which is involved in viral entry in host cell by membrane fusion. The activities of these compounds against virus is thought to be due to presence of bulky polycyclic moiety which is responsible to block the changes in conformation of HA molecule which is essential for the entry of viruses into host cell. Thus, these derivatives inhibit the activity of the virus by blocking the early stages of viral reproduction [60] . Due to the high mutation tendency of influenza viral proteins [66] , redox-sensitive pathways which are useful for viral replication and are independent of variability of the strains, are gaining importance as the new target to inhibit viral infection. Coumarins oxidized with 2-iodobenzoic acid (IBX) with different catechol and pyrogallol derivatives have shown antiviral activity against influenza A H1N1 by modulating proteins involved in redox pathways [67] .
Thus, these observed effects of synthesized coumarin derivatives on viruses indicate that anti-viral therapy can be developed in the future, targeting those pathways which are essential for the establishment and multiplication of viruses in the host cell.
Anti-dengue virus
Coumarin has the potential to significantly suppress the Dengue and chikungunya viral infections in vitro. However, the need is to investigate the mechanism and other effects on in vivo model [68] . Flaviviruses like Dengue virus need their polyprotein processing by viral NS3 protease called NS3pro for its replication activities. Activation of NS3pro requires a 47-residue catalytic part of NS2B cofactor. NS2B stabilizes and completes substrates-binding pocket of NS3pro [69] . Therefore, targeting binding site of NS2B/NS3 complex could be a better approach in the development of a drug molecule. With this idea, molecular docking approaches using synthetic coumarin derivatives as ligands have been applied to check their anti-dengue protease activity that is known in the case of HIV [51] . Molecular Docking study indicates 4-thiazolidinone-coumarin derivatives have significant binding affinity with the binding site of viral protease complex suggesting its inhibitory role [70] .
In a study, from the plant Myrtopsis corymbosa major compounds of coumarins (ramosin, myrsellinol, myresellin) and alkaloids (skimmianine, gama-fagarin and haplopin) were extracted and their inhibitory activities were checked against Dengue infection. They exhibited weak anti-dengue activity when used separately, but showed very significant activity when their crude product was applied that contain all the components. Specifically, they showed very low activity against dengue virus RNA dependent RNA polymerase (DENV-NS5) when applied separately to cells. It indicated the possibility that anti-dengue effect was due to synergetic effect of many compound or because of some other molecules present in small quantities [71] . Subsequently, potential and mechanism of Resvertrol (RESV), a phytoalexin (hydroxylated derivative of coumarin) against dengue viral infection were investigated. In case of Dengue infection, a DNA binding protein namely, high mobility group box 1 (HMGB1) translocates from nucleus to cytoplasm that triggers many inflammatory responses. RESV attenuated migration of HMGB1 out of nucleus (HMGB1 retention in nucleus mediated by Sirt1 deacetylase) this leads to suppression of dengue virus replication by increasing the production of interferon-stimulated genes. HGB1 that is known as inducer of inflammatory responses, its inhibition by RESV indicated the possibility that RESV may act as a potential anti-inflammatory agent. However, this needs further confirmation [72] .
Anti-chikungunya virus
Synthetic coumarin conjugates have been used to see their inhibitory role against chikungunya viruses. Jih Ru Hwu et al., used the triply conjugated uracil-coumarin-arenes compound to see structure-activity relationship against chikungunya virus. In this research, coumarin central moiety was found to be essential for the anti-viral activity. There was a positive correlation between size of conjugated moiety (benzouracil > thymine > uracil) and chikungunya inhibitory action [3] . Same research group have synthesized thioguanosine-coumarin conjugates and explored their anti-chikungunya action in Vero cells. In this case also, they found that central moiety of guanosine-coumarin conjugates was an essential component for anti-viral activity. In addition, conjugates having -OMe moiety were found to be more potent than conjugates having other substitutes [73] .
Against other viruses
Filoviruses family include Ebola virus, Marburg virus, Ceuvavirus which are responsible for many diseases in human beings like severe hemorrhagic fever. After screening of anti-histamine library in an attempt to search for the compound that has capacity to inhibit flaviviral entry, two potential Histamine receptor antagonist compounds were found. Interestingly both the compounds contain coumarin fused ring system that was crucial for their inhibitory activity. This study indicated the possibility that active compound containing hydrophobic moiety at position 3, 4 may act as an interacting part with the target molecule [74] . Similar reports were found in the viremia infection caused by spring viremia of carp virus (SVCV), a rhabdovirus found in freshwater aquatic environment. The potency of imidazole-coumarin derivative 7-(4-(4-methyl-imidazole))-coumarin and another benzimidazole coumarin derivative, 7-(4-benzimidazole-butoxy)-coumarin (BBC) [75] , as anti-SVCV was studied in vivo in zebrafish. The anti-viral activity was displayed in the form of reduced horizontal transmission of SVCV, thus decreasing the mortality and viral titer in the fish body [76] . 7-[6-(2-methylimidazole) hexyloxy] coumarin, a newly synthesized coumarin derivative were found to damage the glycoprotein structure thus, inhibiting the entry of virus into host cell. It also suppressed the virus-induced autophagy, by regulating Akt-mTOR pathway and in this way exhibiting anti-viral activity [77] . These results are indicative of the potential therapeutic role of coumarin derivative by acting on anti-oxidative pathways [78] .
Conclusions and future perspectives
Coumarin is a natural product that are derived from various parts (seeds, leaves and roots) of the plant families such as Apiaceae, Rutaceae and many other sources in the form of fungi, bacteria etc. Due to its wide distribution and property of being stable, soluble, low molecular weight compound without any adverse side effects and toxicity and feasibility of chemical modification to generate new semisynthetic derivatives, coumarin is gaining attention in the field of medicinal chemistry. The purpose of this review was to provide a significant insight into the development of new coumarin-based antiviral compounds and their likely mechanism of action that will refine our knowledge of viral treatment.
As summarized here, coumarin (and its derivatives) can target various enzymes and pathways that are essential for viral entry, survival and infection. These studies have given many fresh biological perspectives based on the analysis of the relationship between structure and its activity, giving a reason to be hopeful that antiviral coumarin derivatives will eventually be created with broad clinical applications.
A major limitation of the current literature on the anti-viral effects of coumarins is that these studies have been mainly performed in silico and in vitro and only in few cases, studies have been done on animal models. These preliminary studies in this area necessitated the need for further exploration of efficacy and potential application of coumarins in vivo followed by clinical trials to develop effective antiviral treatments.
While some coumarin derivatives have been reported to indicate a particular biological activity, the task would be to design and synthesize new coumarin derivatives with significant specific activity for other pharmacological targets and identify their mechanism of action to obtain new medicinal anti-viral drugs.
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